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Centrosome- and microtubule-associated pro-
teins have been shown to be important for
maintaining the neural progenitor pool during
neocortical development by regulating the mi-
totic spindle. It remains unclear whether these
proteins may control neurogenesis by regulat-
ing other microtubule-dependent processes
such as nuclear migration. Here, we identify
Cep120, a centrosomal protein preferentially
expressed in neural progenitors during neocor-
tical development. We demonstrate that silenc-
ing Cep120 in the developing neocortex impairs
both interkinetic nuclear migration (INM), a
characteristic pattern of nuclear movement in
neural progenitors, and neural progenitor self-
renewal. Furthermore, we show that Cep120
interacts with transforming acidic coiled-coil
proteins (TACCs) and that silencing TACCs
also causes defects in INM and neural progeni-
tor self-renewal. Our data suggest a critical role
for Cep120 and TACCs in both INM and neuro-
genesis. We propose that sustaining INM may
be a mechanism by which microtubule-regulat-
ing proteins maintain the neural progenitor pool
during neocortical development.
INTRODUCTION
During neocortical development, neurons are generated
from progenitors lining the lateral ventricles. The size of
the progenitor pool is a key determinant of the total num-
ber of neurons produced during the entire neurogenesis
period (Bond and Woods, 2006; Caviness et al., 1995;
Rakic, 2006). Recent studies suggest that the centrosome
and its associated microtubules play a major role in con-
trolling the progenitor pool. First, four causative genes
have been identified for human autosomal-recessiveprimary microcephaly, a disorder characterized by an
abnormally small brain that is likely caused by a reduced
progenitor pool (Bond and Woods, 2006). Remarkably,
three of the four genes, including ASPM, CDK5RAP2,
and CENPJ, encode centrosomal proteins (Bond et al.,
2002, 2005; Hung et al., 2000; Kouprina et al., 2005; Zhong
et al., 2005). One of these centrosomal proteins, Aspm,
has been proposed to promote the self-renewal of neural
progenitors by adjusting the orientation of themitotic spin-
dle during mitosis (Fish et al., 2006). Next, mice lacking
Nde1, a centrosomal protein important for mitotic spindle
assembly and orientation, exhibit a reduction in both brain
and neural progenitor pool size (Feng and Walsh, 2004).
Finally, the microtubule-associated protein doublecortin-
like kinase (DCLK) has been shown to be important
for the formation of mitotic spindle and for preventing
premature differentiation of neural progenitors (Shu
et al., 2006). These studies suggest that microtubule-
regulating proteins may maintain the neocortical neural
progenitor pool by controlling mitotic spindle assembly
and positioning.
While previous studies have focused on mitotic spindle
assembly and positioning, it remains unclear whether
microtubule-regulating proteins may govern neocortical
neurogenesis by controlling other microtubule-dependent
processes such as nuclear migration. During neurogene-
sis, the nuclei of progenitors oscillate within the prolifera-
tive layer called the ventricular zone (VZ). They stay at the
ventricular surface during mitosis, ascend to the basal
side of the VZ during G1, and, after completing S phase,
descend back toward the ventricular surface during G2.
This cell-cycle-dependent nuclear movement is known
as interkinetic nuclear migration (INM). Given that centro-
some- andmicrotubule-associated proteins are critical for
both nuclear migration and neocortical neurogenesis, it is
striking that a role for INM in neocortical neurogenesis has
not been investigated. One previous study treated chick
embryonic retinas with the actin-depolymerizing agent
cytochalasin B and found an inhibition of INM and a pre-
mature depletion of the neural progenitor pool (Murciano
et al., 2002). However, becausemitotic spindle positioning
is also actin dependent, it remains unclear whether theNeuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc. 79
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Cep 120 and Interkinetic Nuclear Migrationeffect of cytochalasin B on neurogenesis in this system
was due to impaired INM.
Although INM has been a hallmark of vertebrate neural
progenitors for many decades (Gotz and Huttner, 2005;
Sauer, 1935), the mechanism underlying INM is poorly un-
derstood. Studies using pharmacological inhibitors sug-
gest that INM is dependent on the actin and microtubule
cytoskeleton (Karfunkel, 1972; Messier and Auclair,
1973, 1974; Webster and Langman, 1978). The unique
mode of nuclear movement during INM suggests that mi-
crotubule regulation in neural progenitors may exhibit dis-
tinct features. In other types of cells, the nucleus closely
follows the centrosome during migration due to the tight
association between the nucleus and the centrosome by
microtubules (Reinsch and Gonczy, 1998; Tsai and Glee-
son, 2005). In neural progenitors, however, the nucleus re-
peatedly migrates toward and away from the ventricular
surface, where the centrosome remains throughout INM
(Hinds and Ruffett, 1971; Astrom and Webster, 1991;
Chenn et al., 1998). This drastic change in the relative po-
sition between the nucleus and the centrosome suggests
that themicrotubules coupling the nucleus and the centro-
some must be dynamically regulated. Currently, little is
known about the molecular mechanisms underlying this
regulation.
In this study, we show that INM is dependent on the
regulation of centrosome-associated microtubules by
Cep120, a centrosomal protein highly expressed in neural
progenitors, and transforming acidic coiled-coil proteins
(TACCs), centrosome- and microtubule-associated pro-
teins that have previously been implicated in microtubule
growth and nuclear migration. Furthermore, we provide
evidence that Cep120 interacts with TACCs and regulates
the localization of TACC3 to the centrosome. Finally, we
demonstrate that both Cep120 and TACCs are essential
for maintaining the neural progenitor pool during mouse
neocortical development. These results suggest that
microtubule-regulating proteins may promote the self-
renewal of neocortical neural progenitors by sustaining
INM.
RESULTS
Identification and Expression of Cep120
In a search for novel regulators of centrosome-associated
microtubules, we performed a yeast two-hybrid screen to
identify interactors of focal adhesion kinase (FAK), which
is implicated in the organization of centrosome-associ-
ated microtubules (Xie et al., 2003). Five of the 42 isolated
clones represent a previously uncharacterized gene des-
ignated as coiled-coil domain containing 100 (Ccdc100).
This gene encodes a centrosomal protein with an appar-
ent molecular mass of 120 KD (see below) and, there-
fore, is named centrosomal protein of 120 KD (Cep120).
Putative orthologs of Cep120 exist in species from ciliate
protozoans tomammals (see Figure S1 in the Supplemen-
tal Data available with this article online).80 Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc.The EST profile (UniGene ID: Mm.193678) indicates that
Cep120 mRNA is ubiquitously expressed. Consistent with
this, we were able to amplify the Cep120 gene by RT-PCR
from all mouse tissues examined (Figure S2). To investi-
gate the expression of Cep120 protein, we generated
a rabbit antiserum against the C-terminal fragment of
mouse Cep120. This antiserum recognized full-length ex-
ogenous Cep120 in COS7 cells and endogenous Cep120
in mouse brain lysates (Figure 1A). Immunoblot analysis of
multiple tissues using this antiserum revealed that Cep120
protein is ubiquitously expressed in mouse embryos but
with higher levels in the brain, lung, and kidney (Fig-
ure 1B). Interestingly, the expression of Cep120 in the
brain is considerably higher in embryonic stages than in
postnatal stages or in the adult (Figure 1C), suggesting
that Cep120 may be important for embryonic brain devel-
opment.
Cep120 Is a Centrosomal Protein Preferentially
Expressed in Neural Progenitors
To determine the subcellular localization of Cep120, we
added an EGFP tag to the N terminus of recombinant
Cep120. When expressed at low to moderate levels,
EGFP-Cep120 formed one or two puncta that colocalized
with a centrosomal marker pericentrin in cultured neocor-
tical cells (Figure 1D). Affinity-purified Cep120 antibody
also prominently labeled the centrosome (Figure 1E).
Thus, we conclude that Cep120 is a centrosomal protein.
The expression profile of Cep120 (Figure 1C) roughly
correlates with the timing for proliferative and neurogenic
divisions of neocortical neural progenitors. To determine
whether Cep120 is expressed in neocortical neural pro-
genitors, we performed immunohistochemistry using af-
finity-purified Cep120 antibody on cryosections of embry-
onic mouse brain. The Cep120 antibody prominently
labeled pericentrin-positive puncta at the ventricular sur-
face (Figures 1F and 1G), whereas weak labeling of peri-
centrin-positive puncta at other areas of the neocortex
was visible at higher exposure (data not shown). The
Cep120-immunoreactive puncta at the ventricular surface
also colocalized with a different centrosomal marker,
RFP-CETN2, which was introduced into the neocortex
via in utero electroporation (Figure S3). Because centro-
somes at the ventricular surface belong to neural progen-
itors (Hinds and Ruffett, 1971; Astrom andWebster, 1991;
Chenn et al., 1998), these data suggest that Cep120 is
preferentially expressed in neural progenitors. Consistent
with this, images from the GENSAT database (GENSAT
image 35740 and 35741) revealed that the somata of neu-
ral progenitors in the VZ exhibited higher levels of Cep120
mRNA than that of cells in other neocortical layers.
Cep120 Is Important for INM
Because the centrosome is a key organelle in nuclear mi-
gration, the preferential expression of Cep120 in neural
progenitors suggests that Cep120 may play an important
role in INM. To examine a potential role for Cep120 in INM,
we designed pSilencer-based siRNA plasmids against the
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Cep 120 and Interkinetic Nuclear MigrationFigure 1. Expression and Localization of Cep120
(A–C) Lysates prepared in RIPA buffer were resolved by SDS-PAGE and subjected to immunoblot analysis. (A) The Cep120 antiserum recognizes
exogenous Cep120 expressed in COS7 cells and endogenous Cep120 in brain lysates. The arrow indicates the Cep120 protein. (B) Cep120 protein
levels in E17.5 mouse tissues. (C) Cep120 protein levels in the mouse brain at different developmental stages. Each lane was loaded with 20 mg total
proteins in (B) and (C).
(D and E) Cep120 is a centrosomal protein. (D) EGFP-Cep120 colocalizes with pericentrin in cultured neocortical cells. (E) Affinity-purified Cep120
antibody labels the centrosome in cultured neocortical cells.
(F and G) Expression of Cep120 in the mouse neocortex at E12.5. The Cep120 antibody prominently labels centrosomes (indicated by pericentrin
costaining) along the ventricular surface (bottom). The boxed area in (F) is shown in (G) at higher magnification to reveal the puncta labeled by
both Cep120 and pericentrin antibodies along the ventricular surface.
Scale bars: 10 mm in (D) and (E), 20 mm in (F) and (G).mouse Cep120 gene, designated as Cep120 i2968 and
Cep120 i1265 (the numbers 2968 and 1265 indicate siRNA
targeting regions in Cep120 mRNA represented by
NM_178686). These plasmids can efficiently knock down
Cep120 protein both in vitro and in vivo (Figure S4).
We then determined whether Cep120 siRNA affects
INM. Previous studies have shown that nuclei of neural
progenitors are elongated during migration and round up
when they stop migrating (Chenn and McConnell, 1995;
Haubensak et al., 2004). Thus, a defect in INM may corre-
late with less elongated nuclei. To test this, we introduced
Cep120 i2968 together with a Venus plasmid into the
neocortex of mouse embryos at E11.5 by in utero electro-
poration and examined the nuclear morphology of trans-
fected neural progenitors at E14.5. We analyzed the cells
that exhibited an apical process contacting the ventricularsurface because these cells express nestin (Figure 2A),
a progenitor marker. We found that nuclei of the Cep120
i2968 group were generally less elongated along the
apical-basal axis compared to that of the control or the
rescue (Cep120 i2968 + siRNA resistant Cep120) group
(Figure 2B). To quantify this difference, we measured the
ratio of nuclear length to width and found that the ratio
for the Cep120 i2968 group was significantly (p < 0.01,
one-way ANOVA) lower than that for the control or the
rescue group (Figure 2C). This altered nuclear morphology
is consistent with a potential nuclear migration defect.
When nuclear movement toward the ventricle is im-
paired, cells may enter mitosis before their nuclei migrate
back to the ventricular surface. To determine whether
Cep120 regulates nuclear movement toward the ventricle,
we transfected Cep120 i2968 into E11.5 mouse embryosNeuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc. 81
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Cep 120 and Interkinetic Nuclear MigrationFigure 2. Cep120 Is Important for INM
(A–C) Mouse embryos were electroporated at E11.5 and sacrificed at E14.5. (A) A transfected cell with an apical process contacting the ventricular
surface (outlined by dashed lines) expresses Nestin, a neural progenitor marker. (B and C) The nuclei of Cep120 i2968-expressing neural progenitors
are less elongated along the apical-basal axis compared to the control or rescue (Cep120 i2968 + Cep120 i2968 resistant Cep120 plasmid). (B) Rep-
resentative neural progenitors. The nuclei and the ventricular surface are outlined by red and white dashed lines, respectively. (C) Quantification of the
ratio of nuclear length to width. **p < 0.01, one-way ANOVA.82 Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc.
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Cep 120 and Interkinetic Nuclear Migrationand analyzed the position of transfected mitotic nuclei
relative to the ventricular surface at E13.5. The mitotic
nuclei were identified by a phospho-histone H3 (PH3)
antibody. We found that the overall distance between
PH3-positive nuclei and the ventricular surface was signif-
icantly greater (p < 0.05, one-way ANOVA) in the Cep120
i2968 group compared to the control or the rescue group
(Figures 2D and 2E). These data suggest that Cep120
i2968 may impair the migration of the nuclei toward the
ventricular surface.
To directly assess the role of Cep120 in INM,we electro-
porated Cep120 i2968 into mouse embryos at E11.5 and
prepared acute brain slices at E13.5 for time-lapse imag-
ing. At the time of slice preparation and imaging, the
ventricular zone only contained cells with weak Venus
fluorescence (Figure 2F), possibly due to the dilution of
the plasmids by repeated division of the neural progeni-
tors. At this low fluorescence intensity, we were able to
identify the nucleus, which usually exhibits stronger Venus
fluorescence than the cytoplasm does in live brain slices.
However, we were generally unable to identify the
processes and, therefore, could not distinguish neural
progenitors from newborn neurons based on cell mor-
phology. Because neurons may be generated both near
the ventricular surface and at the basal side of the VZ
(Buchman and Tsai, 2007), we also could not distinguish
neural progenitors from newborn neurons based on cell
position. However, because newborn neurons migrate
away from, but not toward, the ventricle at early develop-
mental stages (Takahashi et al., 1999; Bielas et al., 2004;
Kriegstein and Noctor, 2004), we were able to exclude
neurons by restricting our analysis to ventricle-directed
nuclear migration.
The migration of the nuclei toward the ventricle was
severely impaired in Cep120 i2968-expressing cells.
Overall, there were significantly fewer cells in which the
nuclei migrated toward the ventricle in the Cep120 i2968
group (11.67% ± 5.31%, mean ± SD, of total transfected
VZ cells) compared to the control (27.54% ± 1.75%; p <
0.01, one-way ANOVA) or the rescue group (33.07% ±
6.23%; p < 0.001, one-way ANOVA). Of the cells in which
the nuclei were migrating toward the ventricle, the total
distance the nuclei traveled during the 4 hr imaging period
was considerably shorter (p < 0.001, one-way ANOVA) in
the Cep120 i2968 group (21.96 ± 4.82 mm, mean ± SEM,
n = 20) than in the control (53.74 ± 4.88, n = 26) or the
rescue group (50.16 ± 3.81, n = 37) (Figures 2G and 2H
and Movies S1–S3). In addition to the distance of migra-
tion, Cep120 i2968 also apparently altered the nuclearmorphology. The nuclei in the control and the rescue
group were quite elongated during migration (Figure 2G
and Movies S1 and S3). In the Cep120 i2968 group,
however, the nuclei were generally more round during
migration (Figure 2G and Movie S2). A different Cep120
siRNA construct, Cep120 i1265, also significantly
impaired INM (Figure 2H), suggesting that INM defects
associated with Cep120 siRNA constructs were due to
specific knockdown of Cep120.
Cep120 Is Required for Maintaining
the Neural Progenitor Pool
To investigate whether INM defects associated with
Cep120 knockdown might affect neurogenesis in the
developing mouse neocortex, we electroporated mouse
embryos at E11.5, administered BrdU to label S phase
cells at E13.5, and analyzed progenitor proliferation at
E14.5. First, we measured the mitotic index, i.e., the
percentage of transfected cells that were PH3 positive in
the VZ. This index was significantly (p < 0.01, one-way
ANOVA) decreased in Cep120 i2968 and Cep120 i1265
groups compared to the control (Figures 3A and 3B), sug-
gesting that silencing Cep120 reduced the percentage of
M phase progenitors at E14.5. Next, we measured the
BrdU labeling index, i.e., the percentage of transfected
cells that were BrdU positive. This index was about
2-fold lower in Cep120 i2968 and Cep120 i1265 groups
compared to the control (Figures 3C and 3D), suggesting
that silencing Cep120 reduced the percentage of prolifer-
ating S phase cells at E13.5. Finally, we measured the
percentage of transfected cells that were positive for
BrdU but negative for Ki67, a proliferating cell marker.
This percentage represents the fraction of cells that
were proliferating at E13.5 but exited the cell cycle at
E14.5 and, thus, is designated as the cell-cycle exit index.
This index was significantly increased (p < 0.001, one-way
ANOVA) in both Cep120 i2968 and Cep120 i1265 groups
compared to the control (Figures 3C and 3E), suggesting
that progenitors expressing Cep120 siRNA exited the
cell cycle more rapidly. Taken together, the indices of
BrdU labeling, mitosis, and cell-cycle exit indicate that
silencing Cep120 causes a premature depletion of prolif-
erating progenitors.
To determine whether the depletion of proliferating
progenitors corresponds to increased number of postmi-
totic neurons, we analyzed the neuronal pool in E14.5
mouse embryos that were electroporated with Cep120
siRNA at E11.5 by the distribution of transfected cells
across neocortical layers and by the expression of a(D and E) Ectopic PH3-positive nuclei in Cep120 i2968-expressing neural progenitors. Mouse embryos were electroporated at E11.5 and sacrificed at
E13.5. (D) Representative transfected PH3-positive cells (indicated by arrows). The ventricular surface is indicated by white dashed lines. (E) Quan-
tification of the distance between PH3-positive nuclei and the ventricular surface. *p < 0.05, one-way ANOVA.
(F–H) Silencing Cep120 impairs INM in brain slice preparations. Mouse embryos were electroporated at E11.5 and sacrificed at E13.5. Acute brain
slices of 150 mm were then prepared and imaged for 4 hr. (F) A representative imaging area at the VZ (boxed region, transfected cells are green). (G)
Examples of transfected cells in which the nuclei (outlined by red dashed lines) moved toward the ventricular surface (bottom). The control and the
rescue cell divided before the end of the imaging period. (H) Quantification of the total distance the nuclei traveled during the 4 hr imaging period. **p <
0.01, ***p < 0.001, one-way ANOVA.
Scale bars: 10 mm in (A), (B) and (D), 20 mm in (G).Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc. 83
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Cep 120 and Interkinetic Nuclear MigrationFigure 3. Cep120 Is Required for Maintaining the Neural Progenitor Pool
(A–E) Progenitors expressing Cep120 siRNA prematurely exit the cell cycle. Mouse embryoswere electroporated at E11.5, exposed to BrdU at E13.5,
and sacrificed at E14.5. The proliferation of progenitors in the neocortex was analyzed by immunostaining using antibodies against PH3, BrdU, and
Ki67. (A) Representative images showing PH3-positive cells in the VZ of electroporated embryos. White arrows indicate transfected PH3-positive
cells in the control group. (B) Quantification of the mitotic index, i.e., the percentage of transfected cells in the VZ that are PH3 positive. (C) Repre-
sentative images showing transfected cells in neocortices costained with BrdU and Ki67 antibodies. White arrows indicate transfected cells that are
positive for both BrdU and Ki67. White arrowheads indicate transfected cells that are positive for BrdU but negative for Ki67. (D) Quantification of the
BrdU-labeling index, i.e., the percentage of transfected cells that are BrdU positive. (E) Quantification of the cell-cycle exit index, i.e., the percentage
of transfected BrdU-positive cells that do not express Ki67. Compared to the control, Cep120 i2968 and Cep120 i1265 groups exhibit a significant
decrease in the mitotic index and BrdU-labeling index and a significant increase in the cell-cycle exit index. **p < 0.01, ***p < 0.001, t test.84 Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc.
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Cep 120 and Interkinetic Nuclear Migrationneuronal marker Tuj1. At this stage, the somata of neural
progenitors are located in the VZ or subventricular zone
(SVZ), whereas the somata of postmitotic neuronsmigrate
toward the cortical plate (CP) through the intermediate
zone (IZ). Compared to the control or the rescue group,
both Cep120 i2968 and Cep120 i1265 groups exhibited
a significant increase in the percentage of transfected
cells in the IZ/CP (Figures 3F and 3G), a significant de-
crease in the percentage of transfected cells in the SVZ/
VZ (Figures 3F and 3G), and a significant increase in the
percentage of transfected cells that areTuj1 positive (Fig-
ures 3F and 3H). These data suggest that more neurons
were present in Cep120 siRNA groups. We have attemp-
ted to determine whether the increase in Tuj1-positive
cells corresponds to a decrease in nestin-positive progen-
itors. However, because many neurons are attached to
nestin-positive radial glial fibers, which are highly crowded
and span the entire thickness of the neocortex, we could
not accurately identify transfected nestin-positive cells in
some areas of the neocortex. Nevertheless, the indices
of mitosis, BrdU labeling, and cell-cycle exit (Figures
3A–3E) suggest that the total number of progenitors are
likely decreased in Cep120 siRNA groups.
Interestingly, silencing Cep120 also resulted in misposi-
tioning of neurons at deep layers of the neocortex
(Figure 3F and data not shown). When mouse embryos
were electroporated at E14.5 and the distribution of trans-
fected neuronswas examined at E18.5, themispositioning
defect wasmore pronounced (Figure S5). These data sug-
gest that, in addition to neurogenesis, Cep120 may also
play an important role in neuronal migration.
Cep120 Interacts with TACCs
To elucidate the molecular mechanisms by which Cep120
regulates INM, we performed a yeast two-hybrid screen to
identify potential Cep120-interacting centrosome-associ-
ated proteins. We found that a number of centrosome-
associated proteins interact with Cep120 in the yeast
two-hybrid system, including TACCs (Figure 4A), ninein,
Cep290, Cep164, myomegalin, and KIAA1009 (data not
shown). However, of these interactors, only TACCs, which
are associated with both the centrosome and microtu-
bules (Gergely, 2002), have previously been linked to
nuclear migration (Bellanger and Gonczy, 2003; Le Bot
et al., 2003; Srayko et al., 2003; Gergely et al., 2000a).
Thus, TACCs are potential candidates that mediate the
function of Cep120 in INM.
From the embryonic mouse brain, we were able to
amplify a short isoform of TACC1 (TACC1 s), TACC2B,and TACC3 by RT-PCR (Figure S6), suggesting that they
are expressed during cortical development. From these
amplified genes, we constructed plasmids for the expres-
sion of HA-tagged TACCs (Figure S7). HA-TACC1 s
formed large aggregates throughout the cytoplasm
when overexpressed (data not shown); thus, in the follow-
ing experiments we only analyzed HA-TACC2B and HA-
TACC3. Consistent with the Cep120-TACC interaction in
the yeast two-hybrid system, a fraction of Cep120 coim-
munoprecipitated with HA-TACCs (Figure 4B).
Interestingly, overexpression of Cep120 or TACCs in
COS7 cells resulted in an increase in the size of the micro-
tubule aster emanating from the centrosome (Figures 4C
and 4D). This increase was more apparent when Cep120
and TACCswere coexpressed (Figures 4C and 4D). These
data suggest that Cep120 and TACCs may operate
together to promote the assembly of microtubules from
the centrosome.
TACCs Are Important for INM
To investigate whether TACCs might regulate INM, we
designed siRNA plasmids against individual TACCs that
are expressed in the embryonic mouse brain (Figure S7).
We found that a mixture of these siRNA plasmids (here-
after referred to as TACC siRNA) affected INM similarly as
Cep120 siRNA did. First, quantification of the ratio of nu-
clear length to width revealed that TACC siRNA rendered
the nuclei less elongated along the apical-basal axis (Fig-
ures 5A and S8A). Next, TACC siRNA significantly (p <
0.05, t test) increased the distance between PH3-positive
mitotic nuclei and the ventricular surface (Figures 5B and
S8B). Finally, in our time-lapse imaging experiment, the
total distance the nuclei traveled toward the ventricular
surface during the 4 hr imaging period was significantly
less (p < 0.05, t test) in the TACC siRNA group than in
the control group (Figures 5C and S8C and Movies S4
and S5). Taken together, these data suggest that TACCs
are important for INM.
TACCs Are Required for Maintaining
the Neural Progenitor Pool
In addition to INM defects, TACC siRNA also recapitulated
neurogenesis defects caused by Cep120 siRNA. Com-
pared to the control, the TACC siRNA group exhibited
a significant decrease in the mitotic index (p < 0.05, t
test) (Figures 5D and 5E) and the BrdU labeling index
(p < 0.05, t test) (Figures 5F and 5G), and a significant
increase in the cell-cycle exit index (p < 0.01, t test)
(Figures 5F and 5H). Furthermore, TACC siRNA caused(F–H) Cep120 siRNA causes increased neuronal production.Mouse embryos were electroporated at E11.5 and sacrificed at E14.5. (F) Representative
images showing the distribution of transfected cells across neocortical layers. (G) Quantification of the distribution of transfected cells. A higher
percentage of transfected cells in Cep120 siRNA groups are located in the IZ or CP compared to the control or rescue group. *p < 0.05, **p <
0.01, one-way ANOVA. (H) Quantification of the percentage of transfected cells that express Tuj1. The percentage is significantly higher in
Cep120 siRNA groups compared to the control or rescue group. ***p < 0.001, one-way ANOVA. CP, cortical plate; IZ, intermediate zone; SVZ/VZ,
subventricular zone/ventricular zone.
Scale bars: 20 mm in (A) and (C), 50 mm in (F).Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc. 85
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Cep 120 and Interkinetic Nuclear MigrationFigure 4. Cep120 Interacts with TACCs
(A) b-Gal assay was performed using yeast cells expressing the coiled-coil domain of Cep120 and/or the C terminus of TACCs. Positive results (blue
color) were obtained only when Cep120 and TACCs were coexpressed.
(B) Lysates from COS7 cells expressing exogenous Cep120 and either HA-TACC2B or HA-TACC3 were subjected to anti-HA immunoprecipitation. A
fraction of Cep120 was coimmunoprecipitated. The asterisk indicates that a significant amount of HA-TACC3 was pulled down nonspecifically by
sepharose beads.
(C and D) Cep120 and TACCs operate together to increase the size of the microtubule aster emanating from the centrosome in transfected COS7
cells. (C) Examples of transfected cells immunostained with an a-tubulin antibody. (D) Measurement of the size of the microtubule aster. *p <
0.05, ***p < 0.001, one-way ANOVA.
Scale bars: 10 mm.more cells to exit VZ and increased the percentage of cells
that were Tuj1 positive (Figures 5I–5K). These data sug-
gest that, similar to Cep120 siRNA, TACC siRNA also
leads to premature differentiation of neural progenitors
into neurons.
Cep120 and TACCs Regulate the Integrity
of Microtubules Coupling the Centrosome
and the Nucleus
To investigate the mechanisms of how Cep120 and
TACCs regulate INM, we determined whether siRNA
plasmids against Cep120 or TACCs affect centrosome-
and nucleus-associated microtubules, which generally
sustain nuclear migration by coupling the centrosome
and the nucleus (Reinsch and Gonczy, 1998; Tsai and
Gleeson, 2005). Because of the difficulty in distinguishing
the microtubules in transfected cells in brain sections, we86 Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc.developed an assay to analyze microtubules in dissoci-
ated neocortical cells (see Experimental Procedures).
Under this condition, most of the cells express the progen-
itor marker nestin (Figure S9). Interestingly, these cells
display adistinctmicrotubule structure resembling aprevi-
ously described microtubule ‘‘fork’’ that couples the
centrosome and the nucleus in cultured neurons (Xie
et al., 2003). This structure consists of usually two, and
occasionally more, prominent microtubule bundles that
are associated with both the centrosome and the nucleus
(Figure 6A). Notably, these microtubule bundles were less
prominent in cells expressing Cep120 i2968 or TACC
siRNA than in control cells (Figure 6B). To quantify this dif-
ference, we measured the area occupied by the largest
microtubule bundle of the ‘‘fork’’-like structure. The area
was significantly less in cells expressing Cep120 i2968
or TACC siRNA compared to the control (Figure 6C).
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important for the integrity of microtubules coupling the
centrosome and the nucleus.
Previous studies have suggested that a defect in
nucleus-centrosome coupling correlates with a general
increase in nucleus-centrosome distance in migrating
neurons (Shu et al., 2004; Tanaka et al., 2004). To deter-
mine whether this was the case in neural progenitors, we
used an antibody against a centrosomal protein Cdk5rap2
to immunostain E14.5 brain sections prepared from
mouse embryos electroporated at E11.5 and then mea-
sured the nucleus-centrosome distance in transfected
neural progenitors (Figure 6D). We found that nucleus-
centrosome distance was significantly increased in both
Cep120 i2968 (p < 0.01, one-way ANOVA) and TACC
siRNA (p < 0.05) groups compared to the control (Figures
6D and 6E). These data suggest that silencing Cep120 or
TACCs impairs nucleus-centrosome coupling in neural
progenitors undergoing INM.
Cep120 Regulates Centrosomal Localization
of TACC3 in Neural Progenitors
We tested the possibility that Cep120 and TACCs may
affect each other’s localization to the centrosome. To
investigate whether Cep120 regulates the centrosomal
localization of TACCs, we coelectroporated E12.5 mouse
embryos with Cep120 or control siRNA, EGFP-TACC3, or
EGFP-TACC2B, and a centrosomal marker RFP-CETN2
(Shu et al., 2004; Tanaka et al., 2004), and examined the
localization of EGFP-TACC3 or EGFP-TACC2B in neural
progenitors about 30 hr after electroporation. In control-
transfected progenitors, EGFP-TACC3 was often found
enriched at and around RFP-CETN2 puncta (Figures 6F
and 6G), which were localized at the tip of the apical pro-
cess adjacent to the ventricular surface. In progenitors
transfected with Cep120 i2968, RFP-CETN2 localization
was similar to that of the control; however, the enrichment
of EGFP-TACC3 around the RFP-CETN2 puncta was
abolished (Figures 6F and 6G). These data suggest that
Cep120 is important for the recruitment of TACC3 to the
centrosome in neural progenitors in vivo. In progenitors
expressing EGFP-TACC2B, we were unable to identify
the centrosome by either pericentrin immunostaining or
RFP-CETN2 cotransfection (data not shown), possibly
due to partial disruption of the centrosome by exogenous
TACC2B. Thus, we could not determine the effect of si-
lencing Cep120 on centrosomal localization of TACC2B.
In contrast to the important role of Cep120 in centrosomal
localization of TACC3, knockdown of TACCs did not affect
the centrosomal localization of Cep120 in neural progeni-
tors (data not shown).
DISCUSSION
Centrosome- and microtubule-associated proteins play
a major role in maintaining the neural progenitor pool
during neocortical development. Previous studies on the
mechanisms by which these proteins control neurogene-sis have focused onmitotic spindle assembly and orienta-
tion. However, it remains unclear whether these proteins
may control neocortical neurogenesis by regulating other
microtubule-dependent processes such as nuclearmigra-
tion. Here, we identify Cep120, a centrosomal protein
preferentially expressed in neural progenitors, and show
that it interacts with TACCs and is important for the
recruitment of TACC3 to the centrosome. We provide
evidence that both Cep120 and TACCs play an essential
role in INM during neocortical development by regulating
microtubules coupling the centrosome and the nucleus.
Importantly, INM defects resulting from the knockdown
of Cep120 or TACCs were accompanied by premature
differentiation of neocortical progenitors into neurons,
resulting in a depletion of the proliferating progenitor
pool. Thus, our data have uncovered a critical role for
the regulation of microtubules by Cep120 and TACCs in
INM. Furthermore, our data suggest that, in addition to
controlling mitotic spindle, sustaining INM may also be
an important mechanism by which microtubule-regulating
proteins maintain the neural progenitor pool during neo-
cortical development.
Cep120 Is a Centrosomal Protein
A critical role for the centrosome in neocortical neurogen-
esis is underscored by the fact that three of the four
identified causative genes for autosomal-recessive
primary microcephaly, a disorder likely caused by abnor-
mal neurogenesis, encode centrosomal proteins (Bond
et al., 2002, 2005; Hung et al., 2000; Kouprina et al.,
2005; Zhong et al., 2005). Thus, the elucidation of centro-
somal signalingmay provide key information regarding the
mechanisms underlying neocortical neurogenesis. In this
study, we identify Cep120, a centrosomal protein prefer-
entially expressed in neural progenitors during neocortical
development (Figure 1). Cep120 showed a distinct locali-
zation to the centrosome in all types of cells we examined
and at all phases of the cell cycle (Figures 1D and 1E; data
not shown). Moreover, Cep120 interacts with a number of
established centrosomal proteins in the yeast two-hybrid
system, including TACCs, myomegalin, Cep290, ninein,
Cep164, and KIAA1009 (Figure 4A and data not shown).
These data suggest that Cep120 is a resident centrosomal
protein.
Putative orthologs of Cep120were identified fromciliate
protozoans to mammals (Figure S1), suggesting that
Cep120 may play a conserved role in key cellular pro-
cesses that are dependent on the centrosome. Interest-
ingly, all of the putative Cep120 orthologs contain a
coiled-coil domain (Figure S1), which shares significant
homology to many other centrosomal proteins. For in-
stance, the coiled-coil domain ofmouse Cep120 is homol-
ogous to coiled-coil domains of maskin (the Xenopus
TACC3, E value: 2e-04), mouse ninein (E value: 6e-04),
human Cep290 (E value: 2e-05), and microcephaly gene
products CDK5RAP2 (E value: 1e-04) andCENPJ (E value:
5e-04). Thus, this domainmay be critical for the function of
Cep120 and other centrosomal proteins.Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc. 87
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Cep 120 and Interkinetic Nuclear MigrationFigure 5. TACC siRNA Impairs INM and Neural Progenitor Self-Renewal
(A–C) TACC siRNA impairs INM. (A) The nuclei of TACC siRNA-expressing neural progenitors are less elongated along the apical-basal axis compared
to the control. Mouse embryos were electroporated at E11.5 and sacrificed at E14.5, and the ratio of nuclear length to width in transfected neu-
ral progenitors was quantified. **p < 0.01, t test. (B) Ectopic PH3-positive nuclei in TACC siRNA-expressing neural progenitors. Mouse embryos
were electroporated at E11.5 and sacrificed at E13.5, and the distance between PH3-positive nuclei and the ventricular surface was quantified.
*p < 0.05, t test. (C) TACC siRNA impairs INM in brain slice preparations. Mouse embryos were electroporated at E11.5, and acute brain slices of
150 mm were prepared at E13.5 for imaging. The total distance the nuclei traveled during the 4 hr imaging period was quantified. *p < 0.05, t test.
(D–H) Progenitors expressing TACC siRNA prematurely exit the cell cycle. Mouse embryos were electroporated at E11.5 and exposed to BrdU at
E13.5, and PH3-, BrdU-, and Ki67-immunostaining was performed at E14.5. (D) Representative images showing PH3-positive cells in the VZ of elec-
troporated embryos. White arrows indicate transfected PH3-positive cells in the control group. White dashed lines outline the ventricular surface. (E)
Quantification of the mitotic index. (F) Representative images showing transfected cells in neocortices costained with BrdU and Ki67 antibodies.
White arrows indicate transfected cells labeled by both BrdU and Ki67. White arrowheads indicate transfected cells labeled by BrdU but not Ki67.
(G) Quantification of the BrdU-labeling index. (H) Quantification of the cell-cycle exit index. TACC siRNA caused a significant decrease in the mitotic
index and BrdU-labeling index, and a significant increase in the cell-cycle exit index. *p < 0.05, **p < 0.01, t test.
(I–K) TACC siRNA causes increased neuronal production. Mouse embryos were electroporated at E11.5 and sacrificed at E14.5. (I) Representative
images showing transfected cells in the neocortex immunostained with a Tuj1 antibody. (J) Quantification of the distribution of transfected cells. Com-
pared to the control, TACC siRNA increased the percentage of transfected cells in the CP or IZ and decreased the percentage of transfected cells in88 Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc.
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of TACC3
The orthologs of TACCs have been identified from nema-
todes to mammals and are important for the growth or
stabilization of centrosome-associated microtubules
(Barros et al., 2005; Bellanger and Gonczy, 2003; Chen
et al., 2000; Gergely et al., 2000a, 2000b, 2003; Kinoshita
et al., 2005; Le Bot et al., 2003; O’Brien et al., 2005; Peset
et al., 2005; Srayko et al., 2003; Still et al., 1999a, 1999b).
Interestingly, while vertebrate TACCs display prominent
localization to both the centrosome and microtubules
(Chen et al., 2000; Gergely et al., 2000b; Kinoshita et al.,
2005; Peset et al., 2005; Piekorz et al., 2002), their ortho-
logs in C. elegans and Drosophila embryos are localized
more specifically to the centrosome (Bellanger and
Gonczy, 2003; Gergely et al., 2000a; Le Bot et al., 2003;
Srayko et al., 2003). Studies using the Xenopus egg
extract system suggest that the regulation of microtubules
by TACCs may be dependent on their localization to the
centrosome (Kinoshita et al., 2005; Peset et al., 2005). In
the present study, we show that in neural progenitors in
the developing neocortex, Cep120 is important for recruit-
ing TACC3 to the centrosome (Figures 6D and 6E). This
recruitment likely affects centrosome-associatedmicrotu-
bules and cellular processes that are dependent on these
microtubules, such as nuclear migration.
All of the three members of mouse TACCs, including
TACC1, TACC2, and TACC3, are expressed in the embry-
onic mouse brain (Figure S6). Previous studies suggest
that TACC1 and TACC3 may be expressed in the brain
at relatively higher levels in early embryonic stages than
in later stages (Aitola et al., 2003; Lauffart et al., 2006).
Mice lacking TACC3 display increased apoptosis of he-
matopoietic stem cells and a reduced size of most organs,
including the brain (Piekorz et al., 2002); mice lacking
TACC2 are apparently normal (Schuendeln et al., 2004).
However, it remains possible that the loss of a single
TACC may be partially compensated for by other TACC
family members. Thus, in our experiments we simulta-
neously knocked down all of the three TACCs to assess
potential defects in INM and neurogenesis.
Cep120 and TACCs Control INM by Regulating
Centrosome-Associated Microtubules
Although INM was reported seven decades ago (Sauer,
1935), the mechanism underlying INM remains an enigma.
Strikingly, while the nucleus and the centrosome (or its
equivalent structure) are tightly associated during most
other types of nuclear migration, the distance between
the nucleus and the centrosome dynamically changes
and can span the entire thickness of the VZ during INM.
Currently, little is known about the molecular mechanisms
sustaining this unique mode of nuclear movement.In this study, we show that both Cep120 and TACCs
play a critical role in INM (Figures 2, 5A–5C, and S8). Con-
sistent with the premise that centrosomal proteins con-
trol nuclear migration through microtubules (Reinsch
and Gonczy, 1998; Tsai and Gleeson, 2005), Cep120 or
TACC knockdown impaired microtubule-dependent cou-
pling of the nucleus and the centrosome (Figures 6A–6E).
Based on these data and the finding that the centrosome
remains adjacent to the ventricular surface throughout
INM (Hinds and Ruffett, 1971; Astrom and Webster,
1991; Chenn et al., 1998; Figures 6D and 6F), we propose
a model in which the dynamic regulation of microtubules
by Cep120 and TACCs plays a key role in sustaining
INM (Figure 7). In this model, Cep120 recruits TACCs to
the centrosome to promote the growth of long microtu-
bules from the centrosome, which is localized adjacent
to the ventricular surface. These microtubules sustain
INM by maintaining the coupling between the centrosome
and the nucleus.
How do microtubules mediate nuclear migration during
INM? One possible mechanism is that the nucleus may be
transported alongmicrotubules toward and away from the
centrosome by the minus end-directed motor dynein and
the plus end-directed motor kinesin, respectively. Inter-
estingly, a dynein-regulating protein Lis1 has been shown
to regulate INM (Gambello et al., 2003; Tsai et al., 2005),
although the underlying mechanism is unclear. Alterna-
tively, the nucleus may be pulled toward and pushed
away from the centrosome by depolymerizing and poly-
merizing microtubules, respectively. In either scenario,
the capacity of the centrosome to assemble long microtu-
bules is critical.
Due to technical limitations, we have not analyzed INM
of neural progenitors at stages earlier than E11.5. Interest-
ingly, Cep120 is already expressed at high levels in the
brain before E11.5 (Figure 1C). Because the cell morphol-
ogy and INMpattern of neural progenitors at stages before
E11.5 (known as neuroepithelial cells) are similar to that of
progenitors arising at later stages (known as radial glial
cells) (Gotz and Huttner, 2005), Cep120 and TACCs may
also be important for INM at stages before E11.5.
Cep120 and TACCs Are Essential for Maintaining
the Neural Progenitor Pool
We found that knockdown of either Cep120 or TACCs
resulted in a decrease in the mitotic index and BrdU label-
ing index, an increase in the cell-cycle exit index, and
a greater percentage of transfected cells that migrated
into the CP or IZ and that expressed the neuronal marker
Tuj1 (Figures 3 and 5D–5K). These data suggest that
Cep120 or TACC knockdown causes a premature deple-
tion of proliferating progenitors and an increase in neuro-
nal production. Because we rarely detected pyknotic or
necrotic transfected cells in the electroporated embryosthe SVZ or VZ. ***p < 0.001, t test. (K) Quantification of the percentage of transfected cells that are Tuj1 positive. The percentage is significantly higher
in the TACC siRNA group. ***p < 0.001, t test.
Scale bars: 20 mm in (D) and (F), 50 mm in (I).Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc. 89
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Cep 120 and Interkinetic Nuclear MigrationFigure 6. An Important Role for Cep120 and TACCs in the Integrity of Microtubules Coupling the Centrosome and the Nucleus and
for Cep120 in the Centrosomal Localization of TACC3
(A–C) Cep120 and TACCs regulate microtubules coupling the centrosome and the nucleus. Neocortical cells lining the lateral ventricle of mouse
embryos were cotransfected with Venus and siRNA plasmids via electroporation and dissociated for a-tubulin immunostaining analysis (see Exper-
imental Procedures). (A) A microtubule ‘‘fork’’-like structure (indicated by a-tubulin immunostaining) associated with both the centrosome (indicated
by Cep120 immunostaining) and the nucleus (indicated by Hoechst labeling) in a nontransfected cell. Several Z-series images were merged to show
the entire ‘‘fork’’-like structure (outlined by white dashed lines). (B) Representative images showing the microtubule ‘‘fork’’-like structure (outlined by
white dashed lines) in transfected cells. Several Z-series images were merged to show the entire ‘‘fork’’-like structure. The nuclei are outlined by red
dashed lines. The microtubule ‘‘fork’’-like structure is smaller in cells expressing Cep120 i2968 or TACC siRNA compared to the control. (C) Quan-
tification of the area occupied by the largest microtubule bundle of the ‘‘fork’’-like structure. **p < 0.01, ***p < 0.001, one-way ANOVA.
(D and E) Cep120 i2968 and TACC siRNA increase nucleus-centrosome distance in neural progenitors in vivo. Mouse embryos were electroporated
with Venus and siRNA plasmids at E11.5, and cryosections were prepared at E14.5. Transfected cells were identified by immunostaining using
a chicken anti-GFP antibody. Centrosomes were visualized by Cdk5rap2 immunostaining. (D) Examples of transfected neural progenitors in which90 Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc.
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and the increase in neuronal production are likely caused
by premature differentiation of progenitors into neurons.
The critical role for both Cep120 and TACCs in INM and
neocortical progenitor self-renewal suggests that a major
role of INM may be to maintain the neural progenitor pool
in the developing neocortex. We investigated whether
cellular defects other than impaired INM may underlie
the depletion of neural progenitors. First, we found that
silencing Cep120 or TACCs did not alter the cleavage
plane of neural progenitors that were at anaphase or telo-
phase (data not shown). Second, we did not observe an
M phase block in neural progenitors expressing Cep120
siRNA or TACC siRNA plasmids (Figures 3A, 3B, 5D,
and 5E; and data not shown), suggesting that silencing
of Cep120 or TACCs did not severely impair the organiza-
tion of the mitotic spindle. Third, our BrdU pulse-labeling
Figure 7. A Tentative Model for INM
The centrosome is localized at the tip of the apical process adjacent to
the ventricular surface. Cep120 recruits TACCs to the centrosome and
together with TACCs promotes the assembly of long microtubules
from the centrosome. The nucleusmay be transported toward the cen-
trosome along these microtubules by dynein or be pulled toward the
centrosome due to the shortening of these microtubules. Lis1 may
sustain the migration of the nucleus by regulating the activity of dynein.
Upon depletion of Cep120 or TACCs, microtubules emanating from
the centrosome are too short to reach the nucleus when the nucleus
is located deep within the ventricular zone. Consequently, the trans-
port or pulling of the nucleus toward the ventricular surface is impaired.experiments suggest that silencing Cep120 or TACCs
does not affect cell-cycle length (Figure S10). Lastly,
apical polarity seems to be normal in neural progenitors
expressing Cep120 siRNA or TACC siRNA. This is indi-
cated by the normal contact of their apical processes
with the ventricular surface (Figure 6D and data not
shown), the normal positioning of the centrosome (Figures
6D and 6F), and the intact ventricular surface around these
cells (data not shown). Therefore, our hypothesis is that
INM defects directly underlie the neurogenesis phenotype
caused by the knockdown of Cep120 or TACCs.
In summary, we have identified a centrosomal protein,
Cep120, and shown that it is important for recruiting
TACC3 to the centrosome in neural progenitors. Further-
more, we have demonstrated an essential role for
Cep120 and TACCs in sustaining INM and maintaining
the neural progenitor pool in the developing neocortex.
Our data suggest that controlling INM may be a novel
mechanism by which microtubule-regulating proteins
govern neocortical neurogenesis.
EXPERIMENTAL PROCEDURES
Vector-Based siRNA Constructs
The pSilencer-based siRNA plasmids were generated by ligating
annealed oligonucleotides containing hairpin sequences against spe-
cific mRNA targets into BamH I/Hind III sites of pSilencer 2.0-U6. The
oligonucleotides for siRNA constructs include the following pairs:
i2968f (50 gatcccgttatgcggtcctc atggttatttgat atccgataaccatgaggaccg
cataattttttccaaa 30) and i2968r (50 agcttttggaaaaaa ttatgcggtcctc
atggttatc ggatatcaaata accatgaggaccgcataacgg 30) for Cep120 i2968;
i1265f (gatccgccaaggatgatgcaacagattcaag agatctgttgcatcatccttgg
ttttttggaaa) and i1265r (agcttttccaaaaaaccaaggatgatgcaacagatctcttg
aatctgttgcatcatccttggcg) for Cep120 i1265; t1s_2f (50 gatcccgttatctctt
ctctgatcaacgttgata tccgcgttgatcagagaagagataa ttttttccaaa 30 ) and
t1s_2r (50 agcttttggaaaaaat tatctcttctctgatcaa cgcg gatatcaacgttgat-
caga gaagagataacgg 30) for siRNA against TACC1 s; t2_5f (50 gatcccg
tcataggagtttctgtagtccttgatatccgggactacagaaa ctcctatgattttttccaaa
30) and t2_5r (50 agct tttggaaaaaatcataggagtttctgtagtcccggatatcaag-
gac tacagaaactcctatgacgg 30) for siRNA against TACC2B; t3_1f (50 gat
cccatttcacgtacaaagact gctttgatatccgagcagtctttgta cgtgaaatttttttcc
aaa 30) and t3_1r (50 agcttttggaaaaaaatttcacgtaca aagactgctcggatatc
aaagcag tctttgtacgtgaaatgg 30) for siRNA against TACC3.
Production of Antibodies
Rabbit Cep120 antiserum was produced by Pocono Rabbit Farm &
Laboratory, Inc (Canadensis, PA) using residues 660–988 of
mCep120 as an immunogen. Rabbit Cdk5rap2 antibody was raisedcentrosomes (indicated by white arrows) were visualized by Cdk5rap2 labeling. The ventricular surface is outlined by white dashed lines. (E) Quan-
tification showing that the nucleus-centrosome distance is significantly increased in neural progenitors expressing Cep120 i2968 or TACC siRNA.
*p < 0.05, **p < 0.01, one-way ANOVA.
(F and G) Cep120 regulates centrosomal localization of EGFP-TACC3 in neural progenitors in vivo. Mouse embryos were coelectroporated with
Cep120 i2968, EGFP-TACC3, and RFP-CETN2 at E12.5. The localization of EGFP-TACC3 in transfected neural progenitors was examined about
30 hr after electroporation by anti-GFP immunostaining. (F) Representative images showing the enrichment of EGFP-TACC3 at and around the
centrosome in the control cell (upper panels) but not in the Cep120 i2968-expressing cell (lower panels). Only the apical processes of transfected
progenitors were shown. RFP-CETN2 labels the centrosome (indicated by white arrows). White and red dashed lines outline the ventricular surface
and apical processes of transfected progenitors, respectively. (G) Quantification of the effect of Cep120 i2968 on centrosomal localization of EGFP-
TACC3. The relative intensity of EGFP-TACC3 fluorescence at and around the centrosome (i.e., the ratio of the mean intensity of EGFP-TACC3 fluo-
rescence at and around the centrosome to that in a nearby segment of the apical process) was significantly lower in progenitors expressing Cep120
i2968 compared to the control. **p < 0.01, t test.
Scale bars: 5 mm in (A), (B), and (F), 10 mm in (D).Neuron 56, 79–93, October 4, 2007 ª2007 Elsevier Inc. 91
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Cep 120 and Interkinetic Nuclear Migrationagainst the N terminus of mouse Cdk5rap2 by Pocono Rabbit Farm &
Laboratory, Inc.
In Utero Electroporation
Avertin was used to anesthetize pregnant Swiss Webster mice. Five
pulses of current (50 ms on/950 ms off) were delivered across the
head of the embryos (voltages: 22–30 V for E11.5; 32–33 V for E12.5;
35–40 V for E14.5). In the DNA mixture, the concentration of the siRNA
plasmid was 2- to 3-fold higher than that of the Venus plasmid. In
BrdU-labeling experiments, mouse embryos were electroporated at
E11.5 and BrdU (1 ml, 2 mg/ml in saline) was injected intraperitoneally
into dams at E13.5.
Brain Slice Culture and Imaging
To assess INM, mouse embryos were electroporated at E11.5 and
acute brain slices (coronal, 150 mm) were prepared at E13.5. The slices
were cultured in a Millicell culture insert system (Millipore) in Neuro-
basal medium supplemented with B27, N2, 0.5 mM glutamine, 1%
penicillin/streptomycin, and 5%horse serum for 1 hr before time-lapse
imaging on a DeltaVision system. During imaging, the slices were kept
in the Millicell system and the temperature and PH of the medium were
maintained by a 37C water bath and 5% CO2, respectively.
Analysis of Microtubules in Transfected Dissociated
Neocortical Cells
Amixture of Venus plasmid and siRNAplasmidwas injected into lateral
ventricles of E13.5 mouse embryos. The DNA plasmids were then
introduced into neocortical cells lining the lateral ventricle by electro-
poration. Immediately following electroporation, the neocortex was
dissected out and cultured as explants (pial surface facing up) on
a Millicell culture insert system in Neurobasal medium supplemented
with B27, N2, 0.5 mM glutamine, 1% penicillin/streptomycin, and
5% horse serum. After 2 days of explant culture, the neocortex was
trypsinized, dissociated, plated onto coverslips precoated with poly-
D-lysine and laminin, and cultured overnight (the medium was the
same as that for explant culture) before fixation. The microtubules
were visualized by anti-a-tubulin immunostaining. Several Z-series
confocal images of transfected cells were merged to show the entire
microtubule ‘‘fork’’-like structure.
Confocal Microscopy
Confocal images were obtained using a Zeiss LSM 510 system.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/56/1/79/DC1/.
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